








tree-rings	from	4	key	tree-ring	chronologies:		 a) The	‘absolute’	tree-ring	chronology:	This	starts2	at	12,410	cal	BP,	with	the	oldest	section	represented	by	the	Preboreal	pine	chronology	(PPC)	dendro-linked	to	the	calendar-dated	Holocene	oak	chronology	(HOC;	Friedrich	et	al.	2004).	b) YD-B:	A	tree-ring	chronology	built	from	Swiss	pines,	which	was	dendro-matched	to	the	earliest	part	of	the	PPC,	extending	the	absolute	tree-ring	chronology	by	184	yrs	to	12,594	cal	BP	(Hua	et	al.	2009,	Schaub	et	al.	2008a,	Kaiser	et	al.	2012).	c) Tasmanian	huon	pine	chronology:	Four	floating3	Tasmanian	huon	pine	(Lagarostrobos	franklinii)	trees	combined	by	dendrochronology	and	14C	curve	matching	to	form	a	617-yr	series,	overlapping	with	YD-B	in	age	and	spanning	the	early	Younger	Dryas	(YD;	Hua	et	al.	2009).	d) CELM:	The	floating	1606-yr	Central	European	Lateglacial	Master	Chronology	(CELM;	Kaiser	et	al.	2012).		This	record	overlaps	in	time	with	the	huon	pine	series,	and	starts	at	~14,000	cal	BP	(Kromer	et	al.	2004,	Kaiser	et	al.	2012).		Closer	scrutiny	of	the	tree-ring	chronologies	and	14C-dated	sequences	described	above	(a-d)	has	revealed	some	areas	of	concern	and	a	general	weakness	in	14C	calibration	for	this	time	period.		These	are	each	discussed	in	more	detail	in	the	following	sections.		a) The	absolute	tree-ring	chronology		The	continuous	European	oak	and	pine	tree-ring	chronology	as	described	by	Friedrich	et	al.	(2004)	started	at	12,410	cal	BP	and	is	characterized	as	“absolute”	because	the	tree-ring	sequences	were	dated	and	linked	by	dendrochronology.	The	oldest	section	is	represented	by	the	Preboreal	pine	chronology	(PPC)	dendro-linked	to	the	calendar-dated	Holocene	oak	chronology	(Friedrich	et	al.	2004).	The	earliest	part	of	the	PPC	(the	2-tree,	215-yr	‘Zurich’	Swiss	pine	chronology	from	Zurich-Wiedikon,	connected	to	the	younger	German	Cottbus	chronology)	has	low	replication	and	although	it	utilized	all	available	series	from	Switzerland,	northeast	and	southern	Germany,	it	could	not	be	confirmed,	with	the	linkage	described	as	‘tentative’	in	Friedrich	et	al.	(2004).	Although	a	14C	curve	match	supported	this	linkage	(Friedrich	et	al.	2004),	the	new	14C-data	series	presented	here	show	that	decadal	14C	curve-matching	for	this	time	interval	is	unlikely	to	be	conclusive,	because	all	14C	dates	lie	on	the	~10,400	BP	14C	plateau	which	is	~	300	yrs	long,	spanning	the	interval	~12,450	-	12,150	cal	BP.	Dendrochronological	re-analysis	of	the	‘Zurich’	to	Cottbus	connection	has	since	confirmed	the	unreliability	of	this	linkage	(as	reported	by	Friedrich	et	al.	at	the	2015	Zurich	IntCal-Dendro	workshop).																																																									2	In	this	paper	we	follow	the	convention	used	in	Friedrich	et	al.	(2004)	in	which	the	oldest	part	of	a	dendrochronology	is	referred	to	as	the	‘start’	and	the	youngest	part	as	the	‘end’.	3	A	‘floating’	tree-ring	chronology	is	one	that	is	not	anchored	by	dendrochronology	to	a	calendar	yr.	







































METHODS		Dendrochronology			 The	1451-yr	Towai	floating	sub-fossil	kauri	chronology	compiled	from	91	radial	strips	derived	from	40	trees	is	well	replicated	and	securely	cross-dated	with	an	average	cross-correlation	coefficient	between	all	series	of	0.71	(Hogg	et	al.	2013a,	Hogg	et	al.	2016).	The	chronology	has	only	0.63%	missing	rings,	with	a	mean	ring	width	of	1.13	mm	and	average	series	length	of	551	yr.	Utilizing	the	Expressed	Population	Signal	(EPS;	Wigley	et	al.	1984)	threshold	of	>0.85	as	a	measure	of	satisfactory	replication	to	avoid	dendrochronological	dating	errors,	the	Towai	chronology	has	inadequate	sample	depth	for	the	first	(oldest)	115	rings	and	the	last	(youngest)	164	rings.	The	kauri	tree	FIN11	has	two	measured	radii	and	533	rings.	Through	comparison	of	the	2	radii	we	estimate	that	the	log	contains	a	maximum	of	10	missing	rings.	No	crossmatch	has	been	identified	between	the	FIN11	tree-ring	sequence	to	the	Towai	tree	ring	chronology.	However,	comparison	of	the	14C	series	indicates	there	is	a	~185	yr	overlap	between	the	14C	chronologies,	with	FIN11	extending	a	further	~290	yr	into	the	early	Holocene.	The	FIN11	measurements	provide	additional	confidence	in	the	lock	of	the	Towai	kauri	series	with	the	secure	Lateglacial/early	Holocene	dendro-dated	NH	wood	series	forming	IntCal13.			Wood	treatment	and	D14C	measurement		 High	precision	(HP)	liquid	scintillation	(LS)	spectrometry	and	accelerator	mass	spectrometry	(AMS)	radiocarbon	dating	have	been	undertaken	on	cellulose	extracted	from	decadal	kauri	samples	covering	the	entire	Younger	Dryas	Stadial	and	the	beginning	of	the	Holocene.	Six	radiocarbon	dating	laboratories	made	contributions	in	compiling	the	14C	data	sets	(Table	1).	Detailed	wood	pretreatment	procedures	and	14C	analytic	methods	for	the	principal	participating	laboratories	(University	of	California	at	Irvine,	UCI;	University	of	Waikato,	Wk;	University	of	Oxford,	OxA)	are	given	by	Hogg	et	al.	(2013a).		 	
		
Table	1.	Individual	laboratory	contributions	to	the	Towai	and	FIN11	14C	datasets.		 Chronology	 University	of	California	at	Irvine	AMS	 University	of	Waikato	high	precision	LSC	 University	of	Waikato	AMS	 University	of	Oxford	AMS		 ETH	Zurich	AMS	 University	of	Heidelberg	GPC	





















Table	2.	Agreement	data	for	comparison	of	floating	Lateglacial	kauri	data	to	various	calibration	data	sets.		Run	nr	 Floating	Dataset	(decades	used)	[Calibration	dataset]	 Agreement		(OxCal)	(%)	 Agreement	(χ2§)		 IH	offset#	(Modelled	Delta_R,	yrs)	 Calibrated	mean	age	(cal	BP)	 Calibrated	range	(cal	BP)		 	 	 	 	 	 	
2-1	 TOWAI	(Youngest	18)	[IntCal13*]	 Ac	=	262.3	An	=	16.7	
Df=17	T=3.4	(5%	27.6)		 38.5	±	7.8	 11,694	±	7	 13,134	-	11,694	±	7	
2-2	 FIN11	(All	48)	[IntCal13*]	 Ac	=	298.7	An	=	10.2	
Df=47	T=14.5	(5%	63.0)		 36.9	±	3.5	 11,366	±	3	 11,869	-	11,366	
2-3	 TOWAI	(Youngest	18)	[FIN11]	 Ac	=	91.9	An	=	16.7	
Df=17	T=16.3	(5%	27.6)		 -	 11,690	±	3	 13,130	-	11,690	*	Offset	function	=	((U(-120,120)))	§	χ2	agreement	test.	Df	=	Degrees	of	freedom;	T=	chi-square	test	statistic;	5%	=	comparison	T-test	value	with	a	<5%	probability	of	arising	due	to	chance	alone.	#	If	Holocene	SH	14C	data	sets	are	curve	matched	against	a	NH	calibration	curve,	the	IH	offset	has	a	positive	sign,	as	in	col.	5	above.	This	becomes	negative	when	Holocene	NH	data	sets	are	matched	against	SH	curves.	To	avoid	confusion,	all	curve	matches	in	this	paper	are	assumed	to	be	SH	14C	data	matched	against	NH	curves,	irrespective	of	the	origin	of	the	14C	data.			 The	Towai	chronology	curve	match	to	IntCal13	(Table	2,	run	2-1;	Figure	2A)	has	high	agreement	for	both	individual	analyses	and	the	model	as	a	whole	(model	agreement	index	Ac	=	262.3%)	with	the	youngest	decade	having	a	mean	calendar	age	of	11,694	±	7	cal	BP	and	the	decadal	midpoints	lying	between	13,134	and	11,694	±	7	cal	BP.		All	48	FIN11	decades	were	curve-matched	to	IntCal13	using	the	same	Delta_R	uniform	offset	prior	of	-120	to	120	yr	(Table	2,	run	2-2;	Figure	2A).	The	model	as	a	whole	shows	very	good	agreement	(Ac	=	298.7%)	with	the	youngest	FIN11	decade	having	a	mean	calendar	age	of	11,366	±	3	cal	BP.	The	FIN11	decadal	midpoints	therefore	range	from	11,869	to11,366	cal	BP	(Figure	2A).	As	the	curve	matches	are	based	upon	decadal	data	only,	we	consider	the	very	low	errors	given	here	and	elsewhere	in	this	paper	may	be	overly	precise.		To	test	the	calendar	placement	of	the	Towai	chronology,	we	constructed	a	calibration	data	set	from	the	FIN11	results	and	compared	the	Towai	14C	time	series	with	FIN11	(Table	2,	run	2-3).	Although	the	agreement	indices	are	lower	(Ac	=	91.9%)	the	agreement	is	still	acceptable.	Using	the	FIN11	data,	the	Towai	chronology	youngest	decade	midpoint	has	a	mean	calendar	age	of	11,690	±	3	cal	BP.	The	two	Towai	chronology	runs	have	produced	statistically	identical	results	(Table	2,	runs	2-1	and	2-3).																																																																																																																																																															depleted	CO2	from	the	proportionally	larger	SH	oceans	and	causes	SH	atmospheric	samples	to	be	~40	yrs	older	during	the	Holocene.	
	For	final	placement	of	the	Towai	chronology	we	have	chosen	the	comparison	with	IntCal13	rather	than	FIN11.	Although	the	FIN11	comparison	produced	a	more	precise	result,	the	FIN11	tree	is	not	dendrochronologically	secure	and	may	have	up	to	10	missing	rings.	On	the	basis	of	the	3	curve	matches	as	outlined	above,	we	have	assigned	a	calendar	age	range	for	the	Towai	14C	time	series	of	13,134	-	11,694	cal	BP	with	a	1s	error	of	±	7	yr.			Despite	the	possibility	of	up	to	10	missing	rings	in	the	tree	FIN11,	the	majority	of	the	FIN11	measurements	match	the	IntCal13	data	points	and	curve	closely	(Figure	2A).	The	FIN11	14C	time	series	confirms	there	is	no	measurable	change	at	decadal	time	scales	in	the	IH	offset	at	the	beginning	of	the	Holocene.	The	youngest	18	measurements	from	the	Towai	chronology	also	lock	securely	with	both	FIN11	and	IntCal13	data	points.			The	comparison	of	YD/early	Holocene	SH	datapoints	and	the	IntCal13	curve	in	Figure	2A	shows	the	SH	data	points	deviate	from	the	shape	of	IntCal13	from	~12,200	to	11,900	cal	BP,	the	time	interval	previously	occupied	by	the	original	Ollon505	measurements	and	for	which	no	replacement	NH	data	are	yet	available.	Figure	2B	shows	the	equivalent	NH	data	-	the	absolute	Preboreal	pine	chronology	measurements	(Friedrich	et	al.	2004),	supplemented	by	a	few	new	UCI	AMS	results	from	the	known-age	Breitenthal	tree	ring	series	(Table	3).	Two	PPC	dates	from	Tapfheim17	(11926.5	cal	BP,	HD-16342	and	11896.5	cal	BP,	HD-16427)	may	be	a	little	young.	We	have	also	included	measurements	from	the	floating	Ollon505	tree-ring	series,	as	positioned	in	Hogg	et	al.	(2013).	Although	it	is	not	conclusive,	the	NH	data	points	for	samples	older	than	~11,900	cal	BP	also	tend	to	depart	from	IntCal13	and	support	the	view	that	IntCal13	is	too	young	between	~12,200	and	11,900	cal	BP.		 	
Table	3.	New	UCI	radiocarbon	determinations	from	the	PPC	Breitenthal	tree-ring	chronology	(tree	198).		 		 UCI		Lab	number	 Ring	Numbers	(range)		 midring	number		 	Cal	age	(midring)		 14C	age	(yr	BP)		 1s	error		117837	 123-132	 127.5	 11085	 10115	 20	117838	 123-132	 127.5	 11085	 10110	 20	117839	 113-122	 117.5	 11816	 10155	 20	117840	 113-122	 117.5	 11816	 10150	 25	117841	 63-72	 67.5	 11866	 10185	 20	117842	 63-72	 67.5	 11866	 10185	 20	117845	 53-62	 57.5	 11876	 10210	 20	117846	 53-62	 57.5	 11876	 10200	 20	117843	 43-52	 47.5	 11886	 10225	 25	117844	 43-52	 47.5	 11886	 10210	 30			 	
		
Figure	2.	A:	Floating	SH	Towai	and	FIN11	datasets.	2B:	NH	datasets.	(i)	Known	calendar-age:	Preboreal	pine	chronology	(PPC)	and	Breitenthal	(UCI);	(ii)	Floating:	Ollon505	(new	Wk	and	HD	data;	Hogg	et	al.	2013a).	IntCal13	curve	(black	1s	error	bars)	given	in	both	plots.	













































































Calendar age (yrs cal BP)
12,00012,10012,20012,30012,40012,50012,60012,700
		
Table	4.	Possible	fits	for	14C	dates	from	tree	KW30	compared	with	the	Towai	data	set	using	a	uniform	reservoir	function	of	Delta_R	=	(U(-120,120))		 Curve	Matched	solution	 Range	(cal	BP)	 Mean	age	(youngest	sample)	(cal	BP)	 IH*	offset	(yr)	 Agreement		(OxCal)	(%)^	 Agreement	(χ2)†		1	 12,316	–	12,293	 12,305	±	4	 36	±	11	 Ac	=	133.3	 T	=	2.0	2	 12,267	–	12,252	 12,260	±	4	 28	±	11	 Ac	=	133.1	 T	=	2.2	3	 12,172	–	12,144	 12,154	±	5	 35	±	10	 Ac	=	111.5	 T	=	3.4	4	 12,129	–	12,077	 12,120	±	4	 27	±	11	 Ac	=	117.2	 T	=	2.9	5	 12,041	–	11,964	 12,001	±	22	 -15	±	15	 Ac	=	123.6	 T	=	2.1	6	 11,944	–	11,904	 11,929	±	7	 -48	±	12	 Ac	=	74.9	 T	=	5.6		^ 		n	=	10	,	An	=	22.4%	†		df	=	9	(5%	16.9)	*		IH	=	as	derived	from	modelled	Delta_R.	See	comments	about	the	sign	of	the	IH	offset	in	the	caption	of	Table	2		 As	we	were	unable	to	assess	the	reliability	of	the	Zurich	pine	KW30/German	Cottbus	linkage	using	only	KW30	14C	data,	we	matched	the	entire	YD-B	14C	chronology	(including	KW30)	as	a	group	to	Towai	to	see	if	the	larger	14C	data	series	could	provide	a	finite	solution.	Agreement	data	are	given	in	Table	5.	The	YD-B	tree-ring	14C	data	set,	as	it	is	positioned	in	IntCal13,	is	shown	in	Figure	4A.		
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Mean	age	(youngest	sample)	2s Cal	BP	ranges	 N	 Outliers	>	10%	 Difference	in	age	from	Hua	et	al.	(2009)	–	cal	yrs	
SRT779	(Towai)	 12,357	±	3	 12363	(95.4%)	12351	 24	 0	 53	±	11	
SRT781	(Towai)	 12,260	±	11	 12271	(95.4%)	12247	 34	 6	 43	±	16	
SRT782	(Towai)	 12,093	±	22	 12137	(22.1%)	12126	(12132	±	6)	12091	(73.3%)	12073	(12082	±	9)	 35	 2	
59	±	13		9	±	14	



























































Mean	age	(youngest	sample)	2s Cal	BP	ranges	 N	 Outliers	>	10%	 Published	calendar	age	(cal	BP)	 Error	in	curve	match	age	(yrs)	
HuluH82*	(Towai/FIN11)	 11,627	±	14	 11647	(77.7%)	11622	11612	(17.7%)	11592	 38	 1	 11,664	±	24	 37±28	
Suigetsu#	(Towai/FIN11)	 11,683	±	5	 11688	(95.4%)	11679	 50	 0	 11,681	±	40	 2±40	
























































































OxCal v4.2.3 Bronk Ramsey (2013); r:1
SHkauri16 atmospheric curve (Hogg et al 2016)

























OxCal v4.2.3 Bronk Ramsey (2013); r:1
SHCal13 atmospheric curve (Hogg et al 2013)
SHKauri16Raw


























OxCal v4.2.3 Bronk Ramsey (2013); r:1
IntCal13 atmospheric curve (Reimer et al 2013)
NHpine16 atmospheric data (Hogg et al 2016)
NHpine16 atmospheric 5ptAve (Hogg et al 2016)
incorrectly	located	in	IntCal13	and	should	be	removed	from	the	NH	calibration	data	set	if	it	cannot	be	dendro-linked	to	other	NH	chronologies.	Furthermore, the	new	Towai/FIN11	kauri	data	sets	indicate	that	the	Central	European	Lateglacial	Master	(CELM)	series	begins	at	~14,174	cal	BP	and	ends	at	~12,618	cal	BP. The	new	Towai	chronology	significantly	improves	14C	calibration	during	the	LGIT.	The	new	SH	(SHkauri16)	and	NH	(NHpine16)	comparison	curves	for	the	Lateglacial	presented	here	are	available	via	the	OxCal	calibration	software,	and	may	be	used	in	conjunction	with	the	official	calibration	curves	SHCal13	and	IntCal13	until	revised	curves	are	available.	The	radiocarbon	interhemispheric	offset	appears	to	be	lower	during	the	early	part	of	the	YD,	and	changes	at	~12,660	cal	BP	to	Holocene-like	levels,	suggesting	significant	changes	in	Southern	Ocean	ventilation.	This	finding	is	based	upon	existing	published	data	sets	complied	by	different	labs	however,	and	needs	to	be	confirmed	by	analysis	of	contemporaneous	SH/NH	sample	pairs.		
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